Results: There were no differences between the free and rotational flap cohorts with respect to demographic information, injury characteristics, or treatment before coverage. The reoperation and amputation rates were significantly lower for the rotational coverage group (30% and 9%) compared with the free flap group (64% and 36%; P 0.05 and P 0.03, respectively). The coverage failure rate was also lower for the rotational flap cohort (7% versus 27%, P 0.08). The average time to fracture union for the free flap group was 9.5 months (range, 5 15.8 months) and 10.5 months (range, 3 41 months) for the rotational flap group (P 0.99).
INTRODUCTION
Many soft tissue defects associated with open diaphyseal tibia fractures can be covered with rotational flap techniques, most commonly gastrocnemius or soleus muscle flaps. 1 Free tissue transfer is reserved for soft tissue defects in the distal third of the tibia, soft tissue defects too large for rotational coverage, or severely injured extremities without viable local tissue available for rotation. Compared with rotational coverage, free tissue transfer is a more technically demanding procedure requiring microsurgical expertise. 2 Furthermore, use of free tissue transfer incurs the morbidity associated with the donor site. [3] [4] [5] Conversely, several authors have cautioned against the use of local rotational flaps in severe lower extremity trauma as a result of high failure rates ostensibly secondary to unrealized large zones of injury involving the rotated tissue. 6, 7 Multiple studies have evaluated soft tissue coverage outcomes in civilian patients with open tibia fractures injured predominantly in motor vehicle collisions, but there is a paucity of data on outcomes of soft tissue coverage for open tibia fractures in combat-injured patients. 8 An open tibia fracture caused by a blast mechanism would seem to be the least tolerant of local rotational coverage with the highest wound complications as a result of a large and evolving zone of injury. 9 We hypothesized that the open Type III B and III C tibia fractures from Operation Iraqi Freedom and Operation Enduring Freedom would have a higher complication rate when treated with rotational versus free soft tissue coverage.
PATIENTS AND METHODS

Between March 2003 and September 2007, 193 patients with 213 Gustilo and Anderson
Type III open diaphyseal tibia fractures were treated at our three institutions. We included all active-duty personnel injured in combat operations in Operation Iraqi Freedom or Operation Enduring Freedom that sustained an open Type III diaphyseal tibia fractures requiring soft tissue coverage of a traumatic wound. We defined diaphyseal as those fractures that did not extend to within 5 cm of the tibial plateau or tibial plafond. 10 We identified 67 Type III B or C fractures that received a soft tissue coverage procedure with average follow up of 24 months (range, 5-54 months) after injury. The study group included 56 patients who received a local rotational flap and 11 patients who received a free soft tissue transfer for soft tissue coverage. We reviewed the medical records and radiographs of these patients to record mechanism of injury, injury characteristics, treatment data, complications, and time to radiographic fracture healing. The study was approved by our Institutional Review Boards.
Data were collected at each participating institution from local trauma databases, operative logs, the Joint Theater Trauma Registry, and local inpatient and outpatient records. The severity of the injury was characterized by the soft tissue defect and recorded based on the Gustilo and Anderson classification. [11] [12] [13] The fracture severity was classified according to the Orthopaedic Trauma Association AO fracture classification. 14 
Data Analysis
To determine if the morbidity of the injury to the surrounding zone of soft tissue affects the success rate of local rotational soft tissue coverage in combat-related open tibia fractures, we compared the success of coverage, complication rates, visual pain scores, time to radiographic fracture union, and progression to amputation for local rotational coverage and free soft tissue transfers. Flap infections were defined as a wound infection at the coverage site within 2 weeks of rotational or free flap coverage that required a return to the operating room. A deep soft tissue infection was defined as any soft tissue infection greater than 2 weeks after the coverage procedure that was not successfully treated by antibiotics and required a return to the operating room. Osteomyelitis was defined as a deep infection with positive intraoperative bone cultures during the return to the operating room. Failure of soft tissue coverage was assessed by need to return to the operating room for a revision coverage operation. Partial necrosis of the coverage procedure was defined as partial flap necrosis that required a return to the operating room for débridement but did not require a revision coverage procedure. The total reoperation rate is the percentage of patients that returned to the operating room for revision coverage after flap failure, débridement of partial necrosis, or débridement of a flap infection. Time to radiographic union was defined as bridging callus across three of four cortices on orthogonal radiographs evaluated by one investigator at each site.
Statistical analyses were performed to assess for differences between the groups with regard to patient age and sex, mechanism of injury, soft tissue location, fracture severity, fracture stabilization, and patient Injury Severity Scores and Abbreviated Injury Scale. The collected data were then analyzed for statistical significance of observed differences in outcomes. Descriptive statistical analysis for demographic data included the means and standard deviations. Continuous variables and scores were compared through the Wilcoxon test for nonparametric and score data, and Student t test for parametric data. Dichotomous variables were compared using the chi square test or Fisher exact test, as appropriate. All reported P values are two-tailed with an a # 0.05 determining statistical significance. Statistical analysis was performed with SAS 9.1 (Cary, NC).
RESULTS
There were 67 extremities that required soft tissue coverage procedures in 63 patients, 11 free tissue transfers and 56 local rotational flaps. All free tissue transfers were performed by fellowship-trained surgeons experienced in microvascular repair. The patients evaluated in the study had an average of 26.7 months (range, 5-56 months) follow up after their injury. The mean age of the patients undergoing reconstruction was 27 years (range, 19-45 years). The free and rotational flap groups were not different with respect to demographic information, injury severity, injury location, fracture stabilization, or injury treatment.
Specifically, there were no detectable differences between the free and rotational coverage groups with respect to age, sex, injury mechanism, Injury Severity Score, or Abbreviated Injury Score (Table 1) . Of the 67 open fractures, 43 were treated with a circular external fixator, 12 were treated with an intramedullary nail, 11 were treated with a monolateral external fixator, and one was definitively managed with an open reduction and plate osteosynthesis. Each fracture was treated according to the preference of the treating staff physician. There were no detectable differences in injury severity or management before coverage between the two groups as evaluated by soft tissue and fracture classifications, number of débridements before coverage, timing of coverage, Gustilo and Anderson classification, Orthopaedic Trauma Association fracture classification, or presence of a segmental osseous defect (Table 2) .
Rotational and free flaps were used to treat a similar percentage of injuries in the proximal, middle, and distal aspect of the leg. Although there was no difference in the distribution of injuries between the two cohorts, there were significant differences in outcomes. Specifically, subgroup analyses comparing distal third soft tissue coverage with more proximal defects revealed significant differences. Rotational flaps used to cover defects in the proximal and middle third of the leg had a significantly lower failure rate (2%) than free flaps used in the same location (33%; P = 0.004) (Fig. 1A, B ).
Within the rotational flap cohort, there was a significant increase in rotational flap failure rate in the distal third of the leg (20%) compared with those performed in the middle and proximal portion of the tibia (2%; P = 0.02). There were significant differences in the overall complication rates between the free flap and rotational coverage groups (Table 3 ). There was a free flap failure rate of 27% (three of 11). Two of the three patients with failed free flaps required a below-knee amputation at 3 and 4 weeks after injury. The third was treated successfully with a second free tissue transfer. Rotational flaps demonstrated a failure rate of 7% (four of 56; P = 0.08). Two patients required an amputation and two were successfully treated with serial negative pressure dressing changes. Although the flaps remained viable, three additional free flaps required a return to the operating room for débridement of partial flap necrosis (Fig. 2) . One additional patient required a return to the operating room for débridement of an infection, resulting in an overall free tissue coverage reoperation rate of 64%. Eight rotational flaps required a return to the operating room for débridement of partial flap necrosis and five additional patients developed flap infections for a total rotational coverage reoperation rate of 30% (P = 0.046).
Nine patients ultimately required an amputation at an average of 11.8 months (range, 3 weeks to 20 months) after injury. Two patients in the free flap cohort received an amputation for failure of soft tissue coverage with a deep infection, one for an infected tibial nonunion over 1 year after injury and the last for chronic pain despite wound healing and osseous union 1 year after injury. In the rotational coverage cohort, five patients ultimately required an amputation. Two patients received amputations for infected tibial nonunions at 10 months and 20 months, respectively. One received an amputation for a refracture nonunion with persistent pain, one for rotational coverage failure with severe hindfoot injuries and one for chronic pain and dysesthesias 18 months after injury.
Four of the 13 (31%) free flaps and 10 of the 55 (18%) rotational flaps had wound infections within 14 days of flap coverage (P = 0.22). One wound infection in the free flap group led to flap failure, whereas the other three infections were successfully treated with débridement and intravenous antibiotics. Three wound infections in the rotational flap group led to coverage failure, whereas the remaining seven were successfully treated with débridement and intravenous antibiotics. Definitive soft tissue coverage with a free or rotational flap was performed after an average of 20 days after initial injury with no difference between cohorts. There was no difference in complications or failure rate with respect to timing of the coverage procedure (Table 4) . In subgroup analyses, however, the rotational flaps performed after 14 days had a significantly lower reoperation rate (24%) than free flaps performed after 14 days (57%; P = 0.03). Finally, there was a significant increase in failure rate and reoperation rate in Orthopaedic Trauma Association Type C fractures treated with a free flap. Type C fractures treated with a free flap had a 38% failure rate and a 75% reoperation rate compared with a failure rate of 6% (P = 0.04) and a reoperation rate of 31% for extremities treated with a rotational flap (P = 0.04).
In comparison to fractures with a segmental defect, defined as complete loss of osseous contact resulting from bone loss, there was a statistical difference in coverage outcomes between the free and rotational coverage groups. The injuries with segmental osseous defects treated with free tissue transfer had a higher flap failure rate (50%) and a higher reoperation rate (67%) compared with injuries treated with rotational coverage (8% and 33%, respectively; P = 0.028 and P = 0.048).
An additional bony procedure was defined as any return to the operating room that included an osseous operative intervention aimed at achieving union (ie, primary or revision instrumentation, bone grafting, or application of bone morphogenic protein) or an amputation. The average number of bony procedures was 1.8 (range, 1-11) and 2.2 (range, 1-10) in the rotational and free flap cohorts, respectively. There was no difference in the average time to fracture union for patients treated with a rotational flap (mean, 10.5 months; range, 3.4-41 months) compared with the free flap group (9.5 months; range, 5-15.8 months; P = 0.99) (Fig. 3) . Including late amputations, the overall amputation rate in the free flap group in our series was 36% (four of 11) and 9% (five of 56) in the rotational flap group (P = 0.03).
DISCUSSION
An open lower extremity fracture usually results from high-energy trauma that can threaten limb viability. Early amputation versus limb salvage for mangled lower extremities remains a controversial and unresolved dilemma despite substantial research attention. 15, 16 The most commonly reported injury mechanism for lower extremity trauma in civilian series is motor vehicle-related, whereas the predominant mechanism in combat-related military injuries is secondary to explosive blasts. 17 These mechanisms are decidedly different, and the resulting fracture type distribution in the current series is slightly more severe than those reported in the civilian literature. 10 However, we found a similar percentage of Type III tibia fractures that required formal soft tissue coverage as that reported by the LEAP study group. 7 In contrast to their results, rotational soft tissue coverage in our series had a lower complication rate while treating similar injuries.
Determinations regarding the type of soft tissue coverage depend on numerous factors to include wound size, anatomic location, patient characteristics, local available tissue, and the experience of the treating physicians and/or the availability of specialty services. Fasciocutaneous rotation flaps, transposed muscle flaps, and microvascular free tissue transfers have all been described to cover soft tissue defects of the lower extremity. 3, [18] [19] [20] [21] [22] [23] [24] Gastrocnemius, soleus, and fasciocutaneous rotational flaps were used most commonly for coverage of open tibia fractures in our series. Microvascular free muscle flaps, in this series and others, are most often required for coverage of large tissue defects and for wounds in the distal leg. 20, 25, 26 Rectus abdominis and latissimus dorsi were the most commonly used free tissue donor sites in our series.
The goal of treatment for severe open fractures is a healed soft tissue envelope and fracture union while retaining or restoring as much limb function as possible. Although 91% of our open Type IIIB tibia fractures eventually united, 13% ultimately underwent an amputation. The overall rate of amputation is similar to that published previously, but there was a statistically significant difference between the groups in this study. 27 Specifically, 46% of the patients who received a free flap ultimately required an amputation, whereas only 9% of the rotational coverage cohort underwent amputation (P = 0.03). Although this may ostensibly be attributed to an undetected bias of more severe injuries preferentially treated with free flap coverage, subgroup analysis revealed that the most complex fracture patterns, Orthopaedic Trauma Association Type C, had fewer complications when treated with rotational coverage (P = 0.04; Table 4 ). Previously reported average times to union for open tibia fractures range from 23 to 28 weeks with up to 60% requiring a bone grafting to achieve union. 6, 22, 28, 29 The average time to fracture union in this series was not different between the groups at 10.5 and 9.5 months for the rotational flap and free tissue cohorts, respectively (P = 0.99).
Infection rates for open tibia fractures range from 9% to 83% and vary with injury severity, contamination, and timing of coverage. 12, 22, 26, 27 Early coverage of soft tissue defects for severe open fractures of the lower extremity has proven to be critical in multiple series, whereas the definition of early coverage ranges from 24 hours to 11 days. [29] [30] [31] [32] Most authors, however, recommend coverage within 5 to 7 days for optimal outcomes. 29, 30, [33] [34] [35] [36] Delays in coverage beyond 14 days may allow for increased colonization with bacterial flora resulting in frequent infection and flap failure. 31 Godina's review of 532 patients with microsurgical reconstruction of extremity soft tissue defects showed a significantly lower flap failure rate, postoperative infection rate, time to bony healing, length of hospital stay, and number of operations for patients treated within 72 hours of injury with free soft tissue coverage. 36 Gopal et al 29 supported even earlier coverage times showing a reduced infection rate and a shorter time to bone healing with coverage within 24 hours of injury. However, both of these studies were nonrandomized and retrospective, and therefore these findings may have been influenced by selection bias with regard to patients, fractures, and wounds that were amenable to early coverage.
The average time to coverage in the present study is 19.8 days for the rotational coverage group and 19.5 days for the free flap group. All of the wounded soldiers in our series were provisionally treated at up to three other facilities along the evacuation chain before definitive management at our Level V facilities. The evacuation time during Operation Enduring Freedom for orthopaedic injuries averages 7.9 days and there is an average of 2.6 procedures performed before presentation. 37 The time for transportation from theater to the definitive treatment facility inevitably places soft tissue coverage timing into the delayed category as defined in most series. Although previous authors reported favorable short-term outcomes for soft tissue coverage procedures in the military population, our findings reflect higher failure and increased complication rates compared with those in the civilian literature managed with early coverage. 29, 38 Our results, however, are comparable to the outcomes of delayed treatment in the civilian literature. 29, 32, 36 Increased energy delivered to the surrounding soft tissue, the so-called zone of injury, has been associated with increased soft tissue and osseous complications during management of the injuries, including delayed union, nonunion, and deep infection. 39 The large zone of injury surrounding the open fracture site led to the rationale that free flap coverage with tissue transferred from outside the zone of injury may reduce complication rates and decrease healing time. 6 Pollak and coauthors 7 reported rotational flap coverage of severe open tibia fractures were 4.3 times more likely to develop short-term wound complications than free soft tissue transfer. 7 They proposed that the boundaries of the zone of injury may be unclear early in the course of treatment, and tissue selected for rotational coverage may be partially devitalized. Our data conflict these results, possibly in part as a result of the increased time to coverage in our series. Although this delay necessitated by the casualty evacuation process may increase the risk of complications, it may also permit better delineation of the viability of adjacent soft tissues, thus providing for safer local rotational coverage. Although free tissue transfer is technically demanding, it is highly successful with early success rates as high as 96% to 100% reported. 8, 29, 40 Low infection rates have also been reported in several studies 8, 22 and the most common complication leading to failure of free tissue transfer is thrombosis of the arterial or venous anastomoses. 22, 38, 40 Although free tissue transfer remote from the site of injury provides untraumatized tissue for coverage and revascularization, there are inherent disadvantages not associated with rotational tissue transfers. Donor site morbidity and possible need for skin coverage of the harvest site are additional patient costs associated with free flaps. Shoulder or abdominal weakness, loss of endurance, numbness, and unacceptable scar appearance are known complications of free tissue transfer. 3, 41, 42 Additionally, free tissue transfers are anastomosed to pristine recipient vessels outside of the zone of injury, which is often not possible in blast-injured patients with large zones of injury. Finally, free tissue transfer requires lengthy operating times, microvascular expertise, specialized microvascular equipment, and tissue transfer experience not available in all institutions. For these reasons, local rotational coverage of tissue defects in open tibia fractures is appealing to both patients and treating physicians when practicable. Another soft tissue coverage option if local rotational tissue is unavailable or insufficient is acute fracture shortening or angulation followed by gradual, delayed correction. 43, 44 This technique has been used more recently as an alternative to free flap coverage. 45 The current study is retrospective in nature and retains the associated weaknesses, potential biases, and limitations of all retrospective studies. Fracture and wound management, although consistently similar, were not standardized among patients, surgeons, or institutions and soft tissue coverage type was influenced by surgeon preference in addition to local wound characteristics. Furthermore, the surgeon decision to return to the operating room for débridement for partial necrosis in the postoperative period is subjective in nature and likely differed between treating surgeons. There may be an undetected difference between the patients or injuries that were treated with a rotational flap versus a free flap. In addition, the sample size prevented further analysis of complications within subgroups and may have limited our ability to identify subtle but potentially significant differences between the groups, particularly where clear trends were found.
In patients with combat-related Type III open tibia fractures that required soft tissue coverage, 84% had the soft tissue defect covered with a rotational flap, whereas 16% received free tissue transfer. There was no statistical difference in infectious complications or healing time between free tissue transfer and local rotational coverage. There were significantly lower reoperation and amputation rates for patients who received a rotational flap for soft tissue coverage. There was also a trend toward lower flap failure rate with the rotational flap coverage (P = 0.08). Possible explanations for the differences in our outcomes between rotational and free tissue transfer and the civilian literature include the differences in injury mechanism, relatively more severe fracture patterns, and our increased time to soft tissue coverage. The longer time to wound coverage may allow more accurate delineation of the viability of local tissue and prevent rotational coverage with marginally viable tissue. In our series, the wide zone of injury in combat-related open tibia fractures did not preclude the use of available local soft tissue for rotational coverage.
